Introduction
The principal tool of biomedical research is to model human diseases in various animal systems. Considering the great genetic and physiological similarities with humans, non-human primates represent the most ideal experimental models for detailed analysis of biological processes under physiological or pathological conditions [1−4] . Consequently, new drug candidates are typically required to go through systematic assessments of drug efficacy, pharmacokinetics, and toxicity in monkeys prior to their evaluation in human clinical trials. Furthermore, because only monkeys have human phylogenetic analogs to most association neocortical areas, they are the most favored organisms for in-depth analysis of neural mechanisms underlying high cognition, and complex behavior, and diseases of age including agerelated cognitive decline [5−16] . Increasing appreciation of this great value and the need to reduce clinical trial failure rates begins to drive the effort in exploring and optimizing genetic technologies for making transgenic monkey models.
Genetic technologies can be broadly divided into two major categories: gene knockout and transgenic overexpression. Gene knockout methods allow the researchers to assess gene function by the inactivation of a gene through homologous recombination in embryonic stem cells (gene targeting) [17, 18] . The similar gene targeting strategies can be used to perform gene knock-in experiments in which the different gene or modified gene replaces the endogenous gene. On the other hand, transgenic overexpression introduces a foreign DNA into the fertilized eggs so that the organisms derived from these injected eggs are born with the transgene. Researchers can then study the consequence of transgene overexpression to assess and infer the function of the gene and its signaling pathways. Both gene knockout and transgenic overexpression provide valuable information about the function of the genes in the biological system when the system operates in the absence or overproduction of the gene of interest [19−28] . These various genetic technologies, mostly in mice, have revolutionized the way that biologists to study development, immunology, physiology, neurobiology, and human diseases.
Conditional gene knockout technologies
Conventional gene knockout technique is a powerful tool for studying the function of a particular gene. Since genetic deletions occur at the embryonic stage, the gene is inactivated throughout ontogenesis to the whole life in every cell type and every organ. However, such broad action often lead to severe developmental defects and/or premature death [29] . Even when the organism survived the development and born without apparent deformation, it is difficult to confidently exclude the possibility that any phenotype observed in adult animals is not due to abnormal development at prenatal and postnatal stages. Therefore, while conventional or global gene knockout can be used effectively to study development and immunology, it is not well suited to study gene function in many biological disciplines.
For example, it has been longed postulated that the NMDA receptor may be a crucial cellular device for controlling memory function. The conventional knockout of the NR1 gene which encoding the core subunit of the NMDA receptor resulted in neonatal lethality. The knockout pups usually died within 12−14 hours after birth, apparently with abnormal brain stem function such as lack of the suckling reflex [30, 31] . Such a neonatal lethality prevented the analysis of the role of the NMDA receptor in adult brain functions such as learning and memory.
Recognizing the limitations of the conventional gene knockout, researchers in mid 1990s successfully developed region-specific gene knockout technique by employing the phage P1-derived Cre/loxP recombination system [22] . This Cre-LoxP-recombination-mediated gene knockout method is known as second-generation gene knockout technique or conditional gene knockout method. Using a brain-specific CaMKII promoter to drive the Cre transgene, the researchers were able to delete the NR1 gene specifically in the CA1 region of the hippocampus, the region known to be crucial for long-term memory formation [32] . These CA1-specific NR1 knockout mice were viable and developed normally (because the Cre-mediated gene knockout occurred at the fourth postnatal week and restricted to CA1 within the first two months). Interestingly, physiological and behavioral analyses reveal that the CA1-specific NMDA receptor knockout mice lack major forms of synaptic plasticity in the CA1 region and are profoundly impaired in many memory tests [32−34] . The successful development and demonstration of conditional gene knockout from these early studies have led to explosive growth in its application to many disciplines, and this technique is widely used by the biomedical research community.
While conditional gene knockout technique can provide region-or tissue-specificity for the genetic inactivation, the temporal control of such deletion is limited by the promoter that drives the Cre transgene. This means that the conditional gene knockout still lacks inducible and reversible feature. As we all know, every biological process has its complexity in term of temporal stages. Those distinct temporal stages may involve different molecular mechanisms. For example, the memory process has at least four distinct temporal stages: acquisition, consolidation, storage, and retrieval. Thus, a problem in any of these four stages can be manifested as memory deficit. In addition, it is difficult to completely exclude the possible developmental or structural deficits that may be too subtle to detect since the conditional gene knockout occurred well before the behavioral experiments are performed (which may allow some genetic compensation within the system). Therefore, it is necessary to develop an new generation of conditional gene knockout that can be induced right before the experiment and can also be reversed so that the knockout event is restricted to a defined time period.
To achieve the flexible temporal control of genetic modification, Shimizu et al. developed an inducible, reversible, and region-specific knockout technique, also known as the third-generation gene knockout technique [24] . This inducible gene knockout system combines the Cre/loxP-mediated recombination system with the tetracycline-controlled transactivator (tTA) system [35] . The overall strategy is to use tTA/tetO system to achieve CA1-specific, tetracycline-regulated expression of the NR1-GPF transgene and consequently to rescue the CA1 NMDA receptor function in the CA1-specific NR1 knockout mice. Upon feeding of the inducible CA1-KO mice with the drinking water containing doxycycline, a tetracycline analog with higher permeability through the blood-brain-barrier, the researchers can switch off NR1-GFP transgene expression, thereby returning the mice to the NR1 knockout state in the CA1 region. Furthermore, removal of doxycycline from the water restores NR1-GFP expression in the CA1 region. Histological experiments suggest that the doxycycline treat-ment can inactivate the CA1 NMDA receptors within 3−5 days. This inactivation time course reflects the intrinsic turnover rate of the pre-existing NMDA receptor complex in vivo. This inducible gene knockout experiment has led to a new appreciation that long-term memory is not a static, single biochemical cascade, but rather a highly dynamic and reinforced process [11] . In the field of learning and memory, it has long been assumed that the NMDA receptor was required only for memory acquisition, and long-term memory consolidation and storage were the passive consequences of learning-initiated biochemical cascade which resulted in long-lasting structural changes. However, using this inducible, reversible, and region-specific gene knockout technology, the researchers found that switching off the NMDA receptor during the consolidation or storage stage would impair long-term memory [24, 26, 36] , suggesting that long-term memory formation and storage are dynamic synaptic reentry-reinforcement processes controlled by repeated NMDA receptor reactivations. These findings provide an unexpected answer to a long-standing question as to how the brain maintains its synaptic efficacy and network stability in face of the routine metabolic turnovers of synaptic proteins [24, 36, 37] . The role of NMDA receptor reactivations in memory consolidation have been confirmed and extended by other laboratories in other memory tests using multiple animal species [38−41] . Peter Seeburg's group has also used the similar tetracycline-based transgene system in knockout mice to rescue the AMAP receptor function, and they found that AMPA receptor play a specific role in synaptic plasticity and learning behavior [42] . Thus, inducible and region-specific gene knockout enables the researchers to elucidate novel insights into how the brain engages memory processes at the molecular and cellular levels [27] .
Transgenic overexpression
While gene knockout approaches are powerful in revealing important aspects of genes' biological functions, a full range assessment of their functions also requires the other manipulations such as by overexpressing the transgene or modified gene into the biological system of interest. For example, the conditional knockout of the NR1 gene which produced memory deficits disabled the entire NMDA receptor complex, therefore, it is not clear whether the observed memory deficits were due to lack of the NMDA receptor's physical presence at the synapses, which interacts with many other synaptic signaling proteins and scaffolding proteins [43] . It may be the physical absence of the NMDA receptor at synapses, not necessarily the synaptic coincidence-detection function of the NMDA receptor, that has caused improper synaptic structural organization that in turn produced secondary effects on memory impairment. It is well known that activation of NMDA receptor requires two simultaneous events: pre-synaptic releases of glutamate which binds to the NMDA receptor and post-synaptic depolarization which relieves magnesium blockade of the NMDA receptor. Because of this unique cellular property, the NMDA receptor is also known as the coincidence detector. The voltage-dependent gating control of the NMDA receptor is regulated by NR2 subunits, mostly by interaction of NR2A and NR2B subunits with magnesium ions. The NR2A subunit-containing NMDA receptor has a shorter channel opening duration, whereas the NR2B NMDA receptor exhibit longer opening duration [44, 45] , thereby allowing greater influx of ion. Interestingly, NR2B expression is down-regulated during the transition period from juvenile to adulthood, correlating with the gradual shortening of the NMDA channel duration in the adult brain [46, 47] , and may contribute to reduced learning capacity. To fully demonstrate that the NMDA receptor acts as a gating switch for memory formation, researchers have used CaMKII promoter to overexpress the NR2B transgene in the mouse forebrain [23] .
A series of analyses demonstrate that transgenic NR2B mice exhibit greater synaptic plasticity as well as remarkable improvement in variety of learning and memory tasks [23] . The follow-up studies further show that enhanced learning and memory are genetically stable even after fourteen generations of breeding [48] and are also well preserved into advanced ages [49] . The identification of the NR2B gene as the critical gating switch for NMDA receptor's coincidence detection function has also led to other experiments in which enhanced learning and memory have been found when NR2B is upregulated by other molecules or pathways [50−53] . This NR2B transgenic overexpression experiment, although technically very simple, illustrates the power of transgenic approach can provide crucial information that otherwise was not readily revealed by gene knockout approach if used properly.
Transgenic overexpression can also be manipulated in an inducible and reversible manner. For example, by using tetracycline transactivator-based system to overexpress CaMKII specifically in the forebrain regions or striatum, Mayford et al. have established evidence for the role of CaMKII in learning behaviors [54, 55] . In addition, temporally regulated overexpression of transgene can be also achieved by using a tamoxifen (TAM)-dependent mutant of an estrogen receptor ligand-binding domain [56] . In comparison to gene knockout techniques, transgenic overexpression is relatively simple and less time consuming.
Inducible protein knockout technique
Inducible gene knockout or transgenic overexpression approaches have come a long way since the conventional gene knockout was first reported. However, because the inactivation event occurs at the DNA level, manifestation of any phenotype depends on the turnover rate of the existing protein, which may take days depending on the turnover rate of the protein. Therefore, there is still strong need to develop new types of genetic techniques that can direct the knockout event at the protein level, rather than at the DNA level, for achieving almost instantaneous effects.
By integrating convergent protein engineering and rational inhibitor design, Tsien and Shokat have developed an inducible protein knockout technology [25] . This method is based on the creation of a specific interaction interface (bump-and-hole) between a modified protein domain and sensitized inhibitors. By introducing this bump-and-hole system into genetically modified mice (Figure 1) , the researchers were able to switch on or off the transgenic alpha-CaMKII kinase activity rapidly within minutes as the mice underwent various memory tests [25] . The systematic temporal manipulation of alphaCaMKII activity during the memory consolidation period suggests that the first post-learning week is the critical time-window during which changes in CaMKII activity level disrupt the consolidation of one-month-old fear memories. This work for the first time suggests that in addition to the reactivations of the NMDA receptor, alpha-CaMKII reactivations are also important for memory consolidation [25] . More recently, alpha-CaMKII reactivation in the entorhinal cortex has also been shown to be necessary for memory consolidation [57] . Using the same inducible protein manipulation strategy, the researchers further examined the role of beta- Figure 1 The bump-and-hole-based chemical genetic strategy for achieving inducible protein knockout in mice. The ATP-binding pocket of a protein kinase (e.g., alpha-CaMKII) is enlarged via silent mutation such that a bulky inhibitor can be rationally designed, synthesized, and identified to fit only the enlarged pocket but not the unmodified pocket. Once this system is introduced into transgenic mice, researchers can then use the bulky inhibitor to specifically and rapidly control the kinase activity at a time scale of minutes.
CaMKII during various distinct memory stages. BetaCaMKII is a co-constituent of the CaMKII holoenzyme, but has not been studied much. With this inducible chemical-genetic method, they demonstrated that betaCaMKII reactivations in the dentate gyrus play an important role in the consolidation of long-term memory [58] . The major advantage of the inducible, reversible, and region-specific protein knockout technique is to allow researchers to be able to control the transgenic kinase activity specifically and rapidly at a time scale of minutes. It has been shown that a single i.p. injection of NM-PP1 can suppress the transgenic alpha-CaMKII level to bring the total level of aCaMKII back to normal from 10 to 40 min after the injection [59] . With this rapid temporal control, Wang et al. examined the molecular basis of short-term memory, a topic that has been proven to be difficult to study using other genetic methods. They found that the rapid upregulation of alpha-CaMKII activity in the mouse forebrain within the immediate 10 min after learning dramatically disrupted the short-term memory representation. The same manipulation beyond 15 min post-learning has no effect [59] . Similar, long-term potentiation also exhibits the same 10-minute time window during which potentiated synapses are subjected to alpha-CaMKII manipulation [59] . Interestingly, this inducible protein manipulation method has been applied to erase memories in the mouse brain [28] . Cao et al. showed that temporarily boosting the level of CaMKII at the time of memory retrieval can rapidly and specifically erase memories from the mouse brain [28] . This inducible and selective memory erasure was effective in newly-formed memories, or old memories. Further experiment suggested that the erasure was selective to the memories undergoing retrieval at the time of excessive CaMKII activity. Therefore, those rapid and selective memory erasure experiments have nicely demonstrated the power of this protein-based genetic technology.
The 'bump-and-hole'-based inducible protein knockout has been also applied to study other protein functions in mice, including the function of neurotrophin receptor (TrkB) [60, 61] and the role of PKA in sperm capacitation [62] . It is foreseeable that this strategy will be increasingly used to address the functional significance of many proteins with high temporal resolution. However, the current strategy is limited to one class of proteins that contain ATP-binding pockets (myosin, tyrosine kinase receptor, kinases, etc.). It will be extremely important to develop various other kinds of small molecule-protein motif interface techniques to manipulate multiple of protein classes.
Towards transgenic primates
Because of the close evolutionary relationship, non-human primates parallel humans with regard to genetic, anatomic, cognitive, and behavioral characteristics. The similarity in blood pressure, heart rate, menstrual cycle, and total body oxygen consumption between monkeys and human makes non-human primates more reliable human disease models for pre-clinical study of new drugs and therapeutics. While mice have been proven to be a valuable model system for molecular and neural understanding of many basic brain functions, many sophisticated behavior and cognition still need to be investigated in non-human primates. For example, like humans, monkeys possess imitation learning skills, that is, they can learn tasks or skills by watching how others perform. In fact, in the macaque monkey researchers have discovered the mirror neuron which would respond to not only its own motor action but also to the same action performed by other monkeys or humans [63−65] . Therefore, these mirror neurons may play a very important role in perception action coupling and imitation learning [66] . It has been postulated that dysfunction of mirror system in human may be related to some cognitive deficit, especially in autism [67] . Thus, one may create autism monkey models by genetic manipulation of the mirror neuron circuits. This is just one example where genetics can bring clear benefits to the scientific quest of high brain functions. On the other hand, it is always important to realize that such hypotheses need to be tested and carefully examined by actual experiments.
However, the manipulations of genes in the monkeys or other non-human primates are still at its infancy. In 2001, Chan and his colleagues succeeded producing a genetically modified monkey, ANDi, carrying the jellyfish gene for green fluorescent protein (GFP) [68] . The report of birth of ANDi took an important step toward the development of genetic non-human primate model. More recently, Chan and his colleagues have also described transgenic monkeys that expresse polyglutamine-expanded human huntingtin (HTT). Careful analyses revealed many hallmark features of Hungtinton Disease (HD), including nuclear inclusions and neuropil aggregates, in the brains of the HD transgenic monkeys which died within initial months. Moreover, the transgenic monkeys also exhibit clinical features of Huntington syndromes, including dystonia and chorea. This landmark work opens the way not only to better understanding of the pathogenesis of Huntington disease, but also to the development of potential therapies [69] . In another example, researchers have directly applied the lentiviral vector onto the monkey brain [70] . Although this approach did not produce transgenic monkeys, it can be highly useful in terms of perturbing precisely the activity of specific cell types and pathways in the nonhuman primate nervous system. Desimone and Boyden used lentivirus to target the light-activated cation channel channelrhodopsin-2 (ChR2) specifically to excitatory neurons of the macaque frontal cortex. Using a laser-coupled optical fiber in conjunction with a recording microelectrode, they reported that activation of excitatory neurons caused well-timed excitatory and suppressive effects on neocortical neural networks. ChR2 was safely expressed, and could mediate optical neuromodulation in primate neocortex over many months. These new findings highlight additional methodology studying nonhuman primate cognition and behavior. It may also open up the possibility of a new generation of precise neurological and psychiatric therapeutics via cell-typespecific optical neural control prosthetics.
Future perspective
Scientific progress is the perpetual cycles of new technologies to new knowledge and questions and back-andforth again and again. Biomedical/behavioral research is no exemption. Maturation of genetic technologies in mice now allows us to start approaching more complicated cognitive functions such as attention, decision making, and vocabulary learning in primates. Those higher functions are associated more closely with the frontal cortex and enlarged high-association cortical structure that become much more evolved in human or nonhuman primates. These intellectual interests beg development of new genetic methodologies in non-human primate, a new frontier for genetic manipulations.
The emerging transgenic monkey models certainly mark the first step of this exciting journey. Yet clearly there are a lot of hurdles. The first hurdle in systematic production of transgenic nonhuman primates has been the low efficiency of live birth baby monkeys, which limits the scale of transgenic efforts. The second hurdle is related with the transgene delivery method. Lentivirus has so far been the main vehicle due to its low toxicity, the moderate insert size, and its readily availabilities. However there are a few caveats. One caveat roots from high copy numbers of lentivirus integrations. This very same feature, which is useful to increase the transgenic rate, may potentially cause future complication if the transgenic monkeys are to be used for breeding. At the moment, it is not clear whether ANDi has achieved any germ line transmission. Most recently, the first germline transmission of GFP trangene in transgenic monkeys has been recently reported [71] . In this case, the authors used marmosets which are a small New World primate rather than Old World primates, such as the rhesus monkey (Macaca mulatta) and cynomolgus monkey (Macaca fascicularis). Marmosets are much smaller in their body size and have relatively short reproductive cycles and can be highly valuable for better modeling many human diseases. However, marmosets are less closely related to humans than Old World primates are. Some diseases such as HIV/AIDS, macular degeneration, and tuberculosis can be explored only in these Old World monkey [72] . Typically, unless all copies of virus integrated onto one same chromosome, Mundelein Segregation would predict different genotypes among progenies of the same founder. Moreover, in most cases because the F1 often harbors multiple integrations of the transgene, random segregation will likely lead to segregated transgene distributions among F2s and weaker phenotypes in offsprings. It is conceivable that due to position effects often seen with transgene mice, same transgene placed into different genomic locations in monkeys can result in different expression levels and population patterns which are different from the original founders.
In addition, the insert size of a lentiviral vector limits the transgene construct size no larger than 8 kb. This can be an issue for delivering transgene to specific tissue or cell types, as often such promoters are fairly large in size. In fact, on many occasions mouse geneticists had to employ large vector such as BAC and PAC to cover enough transcription regulating sequence for achieving tissue-specificity. Thus, other alternative methods in delivering transgene need to be explored. One alternative choice is to take advantage of the cloning technology. Since Dolly sheep, somatic cell nucleus transfer (SCNT) technique has been applied to different animal species including mice, cat, horse and Rhesus monkeys. Cloning with transfected monkey cells following thorough characterizations of the transgene integration could allow control of integration copy and also eliminate the size restriction on transgenes. Conceivably, transfection and subsequent selection of cultured cells could allow introduction of many subtle mutations via homologous recombination. Therefore, cloning technology can allow generation of not only transgenic but also knockout monkeys. Obviously, SCNT is a very demanding technique, and prolonged in vitro cell culture may also induce gene deletion or amplification thus limiting the utility of SCNT in generating transgenic monkeys. Nevertheless, when a complicated genetic manipulation needs to be introduced into monkeys, cloning is definitely a valid option.
The third hurdle in producing transgenic monkeys is the financial resources since the sustained and largescale production of various transgenic monkeys can be cost-prohibitive. This would require strong investment of precious research support from governments, pharmaceutical industry, as well as private foundations. Primate researchers will also need to bring down the management cost and increase procedural efficiency. Recently, the researchers of Yunnan Banna Primate Disease Model Research Center and Shanghai Institute of Brain Functional Genomics at East China Normal University have reported a high efficient method for achieving higher live birth rate [69] . Although this technical improvement may be a very small step, it is welcoming news for those who are interested in seeing systematic and large-scale generation of various primate models.
Finally, various ethical and cultural issues will also be carefully considered before, during, and after the production of transgenic primate disease models. The broader support of primate research by public and society will also require scientists to engage general public and governments for informative communication and education. Despite the above discussed issues and hurdles, the clear need to better understand complex behaviors and to develop more effective means for new drug testing will ensure that the primate transgenics have a bright future ahead.
